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PROLINE (Pro)-rich proteins (PRPs) are structural cell-wall proteins that were initially identified as woundinduced gene products in carrot storage roots 1 . Environmental stress or physical damage to plants also causes PRPs to accumulate in cell walls, whereas their expression is temporally regulated during plant development 2 . PRPs have been categorized into three classes. One of these has PRPs with several copies of the POVEKPOVXK motif 3 , whereas the other two classes (HyPRPs and NHyPRPs) have PRPs with a hybrid structure. HyPRPs contain a repetitive proline-rich region at the N-terminal domain and a conserved eight-cysteine motif (8 CM) at the C-terminal domain 4, 5 . In contrast, NHyPRPs have a C-terminal region with a high percentage of proline residues organized in distinct repetitive sequence motifs, whereas its extended amino-terminus is essentially devoid of proline residues 6, 7 . Though the role of PRPs in plant growth and development is predominant, a number of recent reports suggest their involvement in response to various environmental stresses like wounding, fungal infection, salt stress, drought stress, heat stress and cold stress. Abiotic stress affects the expression of PRPs in such a manner, whereby they are upregulated in one kind of stress while downregulated in another. In Poncirus trifoliata, PtrPRP gene gets induced under cold, salt and exogenous abscisic acid (ABA) treatment, but it is downregulated by dehydration treatment 8 . Upregulation of PRPs under abiotic stress is further supported by higher levels of CcHyPRP transcripts noticed in PEG, NaCl, heat (42C), cold and ABA-treated Cajanus cajan plants. Overexpression of CcHyPRP gene in C. cajan under control of CaMV35S and rd29A promoters 9 and HyPRP gene in Arabidopsis 10 has been advantageous to plants under abiotic stress conditions. Inhibition of PRP expression is observed mainly under drought stress as established by downregulation of StGCPRP gene in potato 7 , SlPRP gene in tomato 11 and PtrPRP gene in Poncirus trifoliate 8 . Extreme salt stress may also reduce the expression of PRP gene as evident by downregulation of soybean SbPRP gene when >0.4% NaCl solution is used 12 . Furthermore, their expression may be temporally and spatially regulated, i.e. increase or decrease in the transcription level depending on the time of exposure of a particular stress and the type of tissue 8, 12 . On the other hand, Pro is an important osmoprotectant which accumulates specifically during abiotic stresses and its cellular concentration varies during environmental stresses. Under normal conditions, Pro levels in cells are primarily maintained by their de novo synthesis through P5CS (pyrroline-5-carboxylate synthase) and degradation by proline dehydrogenase (PDH) 13, 14 . On exposure of plant to environmental stresses, rate of de novo synthesis gets accelerated to increase cellular Pro concentration to carry out osmolytic functions. Degradation of cell-wallbound PRPs has also been suggested to regulate the cellular concentration of Pro [15] [16] [17] . In addition to these two ways of proline accumulation, another mechanism may also exist to equilibrate Pro concentration during abiotic stresses. Therefore, the present study aims at exploration of PRPs for balancing cellular Pro levels. We have correlated the transcription of SlPRP with cellular Pro level. We propose that downregulation or upregulation of PRPs may be an additional mechanism to maintain optimum concentration of Pro during stress.
Seeds of Solanum lycopersicum were sown in pots filled with a mixture of soil and compost. Germinated seedlings were maintained at 25C under optimal conditions in a glass house with regular watering. To induce expression of the target genes, drought stress was imposed on 45-day-old plants by withholding water till the appearance of drought symptoms (17 days). After treatment, leaves were taken in three biological replicates from drought-treated and control plants, and immediately frozen in liquid nitrogen. Samples were taken in three biological replicates from root, stem, leaf and flower for simultaneous investigation of both proline quantification and Q-RTPCR expression of SlPRP gene.
SlPRP, a PRP gene, corresponding to probe set ID Les.228.1.S1_a_at, showing drastic downregulation in tomato under drought stress in an earlier experiment in our laboratory was selected for the present study. Protein sequence of SlPRP was analysed using Interpro tool for understanding its composition, structure and probable function. Chemical and physical properties were computed using ProtParam tool. Further, it was manually analysed for presence of any particular repetitive pattern of amino acid sequence. To scrutinize the presence of specific cis-acting regulatory elements, promoter analysis was performed using 'PlantCare' tool 18 . For this purpose, the promoter region of 1000 bp upstream to the PRP gene was retrieved from NCBI.
Total RNA samples were extracted from all the experimental tissues using TRI Reagent (Ambion). Isolated RNA samples were treated with RNase-free DNase to remove genomic DNA contamination and stored at -20C until further analysis. The first-strand cDNA was synthesized by 1.0 g of total RNA in 20 l reaction volume using cDNA synthesis kit, according to the manufacturer's instructions (Bio-Rad). Further, Q-RTPCR was done in all tissues using iQ SYBR Green Supermix (Bio-Rad) according to the manufacturer's instructions. Relative expression levels of SlPRP were normalized to the expression level of internal control gene (-tubulin). Primers of SlPRP gene (forward: CAACAACAAAGGCAACATGC and reverse: GGATCACCAAGGCCAATATG) and -tubulin gene (forward: CACTAGTGTCGCTGAGGTTT-TCT and reverse: TGACCCGTCAAACTCTTACTCAT) were used for the experiment. The reverse transcription efficiency of SlPRP and tubulin gene was almost equal as analysed by comparing the C T values at different dilutions of cDNA. Three technical replications were taken and the mean value was considered.
Proline was estimated in different drought-stressed tissues of tomato plants 19 . Fresh samples (500 mg) were homogenized in 10 ml of 3% aqueous sulphosalicylic acid and centrifuged at 22,000 g for 5 min. To 2 ml of the supernatant, 2 ml of acid ninhydrin was added. Further, 2 ml of glacialacetic acid was added and the content was boiled in water bath for 1 h at 100C. The mixture was then extracted with 10 ml of toluene by mixing it thoroughly in a test tube with vigorous stirring. Absorption of chromophore was read at 515 nm in an UV-Vis spectrophotometer (Perkin Elmer, USA). L-Proline (Sigma) was used for preparation of standard curve. The amount of proline in different samples was calculated and expressed in terms of mg (proline) g -1 fresh weight. Expression analysis of SlPRP gene was performed in different tissues taken for the experiment, viz. root, stem, leaf and flower under drought stress, whereby downregulation was observed in all these tissues (Figure 1 ). Surprisingly, highest downregulation was observed in roots of both susceptible (-283-fold) and tolerant (-1314-fold) lines. Nevertheless, this drastic reduction of SlPRP expression in roots could pertain to their physiological feature of being the first-level tissues to experience water deficit. SlPRP expression is also significantly reduced in leaves, followed by a rather low downregulation in the stems. Owing to its sensitive nature, slightest upshot of drought stress is perceived by the flower, where least downregulation of SlPRP gene has been observed. Pattern of SlPRP expression is fairly similar in both tolerant and susceptible lines of tomato. However, SlPRP expression is significantly reduced in the roots of tolerant line (-1314-fold) and leaves of susceptible line (-197-fold), under drought stress.
It is well known that cellular Pro level increases rapidly under all types of environmental stress. In the present study also, Pro concentration increased in all the tissues, viz. root, stem, leaf and flower under drought stress (Figure 2 ). Drought-induced accumulation of Pro was relatively high in leaves of both tolerant and susceptible lines. In leaves of susceptible line, Pro level amplified by approximately threefold and the increase was even more in leaves of tolerant line (> three fold). In other tissues like root, stem and flower, effect of drought on free cellular Pro concentration was moderately less (< two fold). Though drought-induced accumulation of Pro was similar in both the cultivars, tolerant line had reasonably high cellular Pro under normal as well as stress conditions.
Over the years, build-up of cellular Pro concentration in plants during environmental stress has been solely attributed to its synthesis through P5CS enzyme 13, 14 . Some studies proposed that proline accrual during stress is not exclusively dependent on P5CS 17, 20 . Alternatively, degradation of cell-wall-bound PRPs may also contribute in the accumulation of free Pro during environmental stress 15, 16 . In the present study, on exposure to drought stress, Pro concentration increased in all the plant tissues (root, stem, leaf and flower), with simultaneous downregulation of SlPRP gene. Besides roots which exhibited maximum downregulation of SlPRP gene, decline in SlPRP expression clearly corresponded to the increase in Pro concentration in stem, leaf and flower. However, major effect of drought was detected on the leaves where Pro concentration enhanced drastically and a concurrent reduction was also observed in the expression of SlPRP. Contrasting levels of Pro and PRP transcript in roots observed in the study could be the consequence of upward transportation of Pro from roots to leaves through xylem 17 . SlPRP promoter exposed several stress-inducible elements (Figure 3) , which is in contrast to its expression under drought stress. In conjunction with core promoter elements and common cis-acting elements, the promoter region of SlPRP gene contains a number of abiotic and biotic stress responsive elements, viz. DRE (dehydration responsive element), ABRE (ABA-responsive element), TCA-element (salicylic acid responsive element), ELI-box3 (elicitor responsive element) and MeJA-responsiveness (methyl jasmonic acid responsive element). Besides, few other regulatory elements involved in gibberellin responsiveness, endosperm expression and circadian control are also present. SlPRP gene translates into a 25.67 kDa protein consisting of almost 26% Pro residues with unique repetitive pattern (PIVKPPV  LPPI/VGIP) of six simple tandem repeats at N-terminal (Figure 3 ). C-terminal of the protein is predominant in hydrophobic amino acids with conserved 8 CM, which is a characteristics signature of lipid transfer proteins.
Osmolytic function of Pro is largely appreciated for counteracting water-deficit stress in plants 21, 22 . On sensing drought stress, Pro gets accumulated in cells either by its de novo synthesis 13, 14 or by degradation of cell-wallbound PRPs 15, 16 . Conversely, when plants recover from stress, excess quantity of free cellular Pro is moderated by proline dehydrogenase 14 . Also, high Pro concentration in plant cells may inhibit growth, cell division 23, 24 , seed germination 25 and root growth 26 , therefore Pro level needs to be maintained below toxicity. The present study discusses one more mechanism to fine-tune the cellular Pro concentration during stress, where PRPs are the main regulators (Figure 4) . Upon exposure to drought stress, the plant instantly requires Pro to prevent cellular damage that may be caused by osmotic imbalance. On the other hand, drought perception causes drastic reduction in PRP gene expression in order to avoid full use of available free Pro molecules in cells 8, 11 . This assures the availability of adequate Pro molecules to function as osmolyte till their de novo synthesis begins. On withdrawal of stress, surplus cellular Pro is consumed by enhanced transcription of PRPs 8 . Furthermore, temporal expression of PRP genes during various stages of environmental stresses may be attributed to equilibrate the Pro level according to the requirements of the cell 8, 12 . Though PRPs have several well-defined developmental functions right from the germination of seed to flower development and cell death, their precise role during stress is still unknown. In the present study, we observed that accumulation of Pro during drought stress is synchronized with simultaneous reduction in SlPRP expression. Besides de novo synthesis by P5CS and degradation by PDH, the study suggests a novel mechanism that may contribute in regulating cellular Pro concentration during stress through modulation of PRP expression. Though the occurrence of stress responsive elements on promoter region is supposed to enhance the transcription of SlPRP under stress environment, reduced expression of the aforementioned gene could be the consequence of some unknown mechanism involved in its regulation. Thus, future studies should focus to unravel the signalling cascades involved in the proposed regulatory mechanism.
